Simulation of dust aerosol and its regional feedbacks over East Asia using a regional climate model by D. F. Zhang et al.
Atmos. Chem. Phys., 9, 1095–1110, 2009
www.atmos-chem-phys.net/9/1095/2009/
© Author(s) 2009. This work is distributed under
the Creative Commons Attribution 3.0 License.
Atmospheric
Chemistry
and Physics
Simulation of dust aerosol and its regional feedbacks over East Asia
using a regional climate model
D. F. Zhang1,2,3, A. S. Zakey4, X. J. Gao2,4, F. Giorgi4, and F. Solmon5
1LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences, 100029, Beijing, China
2National Climate Center, China Meteorological Administration, 100081, Beijing, China
3Graduate University of Chinese Academy of Sciences, 100049, Beijing, China
4Abdus Salam International Centre for Theoretical Physics, 34100, Trieste, Italy
5Laboratoire d’A´ erologie, 31400, Toulouse, France
Received: 11 December 2007 – Published in Atmos. Chem. Phys. Discuss.: 4 March 2008
Revised: 4 December 2008 – Accepted: 5 January 2009 – Published: 16 February 2009
Abstract. The ICTP regional climate model (RegCM3) cou-
pled with a desert dust aerosol model is used to simulate
the net radiative forcing (short-wave and long-wave) and re-
lated climate effects of dust aerosols over East Asia. Two
sets of experiments are completed and intercompared, one
without (Exp. 1) and one with (Exp. 2) the radiative ef-
fects of dust aerosols. The experiments encompass the main
dust producing months, February through May, for 10 years
(1997–2006), and the simulation results are evaluated against
ground station and satellite data. The model captures the ba-
sicobservedclimatologyovertheareaofinterest. Thespatial
and temporal variations of near surface concentration, mass
load, optical depth and emission of dust aerosols from the
main source regions are reproduced by model. The main
model deﬁciency is an overestimate of dust amounts over
the source regions and an underestimate downwind of these
source areas, which indicates an underestimate of dust dis-
persal. Over the desert source regions, the net TOA radiative
forcing is positive, while it is small over the other regions as a
result of high surface albedo values which reduce the short-
wave radiative forcing. The net surface radiative ﬂuxes are
decreased by dust and this causes a surface cooling locally
up to −1◦C. The inclusion of net (short-wave and long-wave)
dust radiative forcing leads to a reduction of dust emission in
the East Asia source regions, which is mainly caused by an
increase in local stability and a corresponding decrease in
dust lifting. Our results indicate that dust effects should be
included in the assessment of climate change over East Asia.
Correspondence to: A. S. Zakey
(azakey@ictp.it)
1 Introduction
Atmospheric aerosols are still considered one of the main
sources of uncertainty within the climate change debate
(IPCC,2007). In particular, increasing attentionis beingpaid
to the effect of desert dust aerosols, since dust clouds can af-
fectlong-andshort-waveradiationandcanplayanimportant
role in modifying climate at the regional scale (Christopher
et al., 2003; Dey et al., 2004). In this regard, it is worth men-
tioning that no AOGCM used for climate change projections
in the IPCC fourth assessment report includes the radiative
effects of desert dust.
The direct radiative forcing of desert dust aerosol is
thought to be important in modulating global and regional
climates. Dust aerosol affects the atmosphere’s radiation
budget (Tegen et al., 1996; Sokolik et al., 1996) and chem-
ical composition (Dentener et al., 1996; Dickerson et al.,
1997; Martin et al., 2003). The broader impacts of the
dust cycle have been investigated in studies of Chinese
loess/paleoclimate relationships (Zhang, 1984; Porter, 2001)
and in the observations of Asian dust storm frequencies for
the last century (Natsagdorj et al., 2003; Zhang et al., 2003a,
b). The former provide some perspective on the dust-climate
interactions that operated before the Earth system became
perturbed by human activities.
Due to the uncertainties in the estimates of dust loadings
and radiative properties, it is difﬁcult to estimate the dust ra-
diative effects (Sokolik et al., 1996; Myhre et al., 2001; Aoki
et al., 2005). On the global scale, estimates of dust emission
differ by more than a factor of two (ranging from 1000 to
2150Tgyr−1), while the dust mass load estimates range by a
factor of four (8–36Tgyr−1) (Zender et al., 2004). Since the
late 1980s, models for global, regional and local dust simu-
lation have been developed. Early attempts of dust modeling
were made by Westphal et al. (1988), Gillette et al. (1989),
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Table 1. Distribution of dust source regions.
Name Lat (◦ N) Lon (◦ E) Area (km2)
Taklimakan 39.0 83.0 337600
Gurbantunggut 45.1 87.3 48800
Kumtag 39.7 92.0 22900
Badain Jaran 40.4 102.0 44300
Tengger 38.0 104.2 42700
Ulan Buh 40.4 106.5 9900
Hobq 40.5 107.9 16100
Mu Us 38.8 109.1 32100
Onqin Daga 43.0 115.0 21400
Horqin 43.3 122.0 42300
and Joussaume (1990). Examples of global dust models in-
clude the studies of Tegen et al. (1994), Ginoux et al. (2004),
Zender et al. (2003) and Tanaka et al. (2003). Examples
of regional studies include Shao et al. (1997), Nickovic et
al. (2001), Gong et al. (2003), Liu et al. (2003), and Zakey
et al. (2006), while regional climatological characteristics of
dust phenomena have been described in some observational
studies (Pye, 1987; Goudie et al., 1992).
East Asia is one of the most prominent regions of dust
generation. Asian dust source regions include the Gobi
desert and the highlands of Northwestern China (Zhang et
al., 2003a). Over East Asia, estimation of dust aerosols is
particularly difﬁcult due to complex topography, land-use,
and snow cover features. In fact, dust concentrations over
East Asia tend to be systematically underestimated by global
models (Tegen et al., 2002; Luo et al., 2003).
Observationalevidencesuggeststhatdustoriginatingfrom
East Asia has a signiﬁcant inﬂuence even at the global scale.
For example, it is reported that East Asian dust can be trans-
ported to wide areas of the Paciﬁc Ocean (Husar et al., 2001),
reaching as far as North America (McKendry et al., 2001).
Deposits of Asian dust have been identiﬁed from snow sam-
ples in Greenland (Biscaye et al., 1997; Bory et al., 2003)
and even in the French Alps (Grousset et al., 2003).
Dust storms over East Asia occur primarily in spring
(March–May), when strong winds entrain large quantities
of dust particles into the atmosphere and carry them down-
stream (Zhang, 2001; Shao et al., 2006). Extremely severe
dust storms in the past have resulted in the loss of human
lives and the disruption of economic activities (Cheng et al.,
1996). In fact, dust storms are widely recognized as a serious
environmental problem in East Asia and have attracted much
scientiﬁc attention. In China, arid and semiarid areas occupy
3.57millionkm2 (Shao et al., 2006). The desert distribution
from west to east is shown in Table 1. These deserts, as well
as the Gobi in Mongolia, are the main sources of East Asia
dust storms (Qin, 2002).
The climatology of dust storms in China is quite well doc-
umented through the analysis of synoptic records over the
past 50 years (Zhou, 2001; Chun et al., 2001; Kurosaki et
al., 2003; Shao et al., 2003) and satellite data in more recent
years (Prospero et al., 2002). The number of dust storm oc-
currences during the period 1954–2002 shows that, with re-
spect to the annual total, the percentage of the occurrence of
severe dust episodes is 6.3% in February, 18.4% in March,
44.4% in April, and 19.7% in May (Zhou et al., 2003). A
decreasing trend of severe dust storm occurrence has been
observed in recent decades due to a decrease in wind speed
over the source regions (Zhou, 2001; Zhou et al., 2003). The
maximum storm occurrence is found in the 1950s, followed
by a continuous decrease until the 1990s and a slight increase
since2000(Zhouetal., 2003). Accordingtosynopticrecords
over the past 50 years, 2000, 2001 and 2002 are among the
most active years in terms of severe dust storm occurrence
over East Asia (Zhang et al., 2002).
From these considerations it is clear that desert dust
aerosol is a major element of the environment of East Asia,
and might thus be an important component of climate change
over the region. In order to study the effects of dust on re-
gional climate, Zakey et al. (2006) developed a radiatively
active desert dust module and coupled it to a regional cli-
mate model (the ICTP RegCM3; Pal et al., 2007). We here
use this coupled modeling system to provide a preliminary
study of the potential dust effects on the present climate of
East Asia. It is noted that former simulations of dust storms
over the region mostly focused on individual case studies in
which the dust was not radiatively coupled with the meteo-
rological models (Zhang et al., 2003a, b; Zhao et al., 2006b).
Therefore, this is the ﬁrst regional model based long term
simulation of dust radiative effects over East Asia.
The primary purpose of the present study is to present a
ﬁrst evaluation of our modeling system over this region, go-
ing from dust emission and burden to dust radiative effects
and regional climatic response. In this regard, one important
caveat should be highlighted: we do not include the interac-
tion of dust with the cloud microphysics and hence we focus
on direct and semi-direct effects. The development of pa-
rameterizations of this process is currently under way and its
implementation and testing within our modeling system is
left to future work. Note that, compared to the work of Za-
key et al. (2006) our simulations also include the long-wave
radiative forcing.
In Sect. 2 we ﬁrst describe the model and experiment de-
sign, whileinSect.3wediscussthemodelresultsforthearea
of study. In particular, we analyze surface emission, near
surface concentrations, dry and wet deposition processes,
aerosol optical properties, and the short and long-wave radia-
tive forcing. Our concluding considerations and perspectives
for future work are presented in Sect. 4.
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2 Model, data and experiment design
The model employed in the present study is the Regional Cli-
mate Model RegCM version 3 (RegCM3) developed at the
Abdus Salam International Centre for Theoretical Physics
(ICTP) (Pal et al., 2007). RegCM3 is an evolution from the
version of Giorgi et al. (1993a, b), with improvements in var-
ious physics packages (Pal et al., 2007). The solar (SW)
and atmospheric (LW) radiation schemes are described in
Kiehl et al. (1996). Land surface processes are represented
via the Biosphere-Atmosphere Transfer Scheme (BATS1e;
Dickinson et al., 1993), while planetary boundary layer com-
putations employ the non-local formulation of Holtslag et
al. (1990). The mass ﬂux scheme of Grell (1993) is used
to describe convective precipitation and the sub-grid explicit
moisture scheme of Pal et al. (2000) is used to describe non-
convective precipitation.
2.1 Dust scheme
An on-line dust scheme is interactively coupled to the
RegCM, accounting for emission, transport and deposition
of four particle size-bins (Zakey et al., 2006). Transport pro-
cesses are described by the tracer transport equation of Sol-
mon et al. (2006) and Zakey et al. (2006), which includes
advection by resolvable scale winds, transport by turbulence
and deep convection, gravitational settling, wet and dry re-
moval processes. Wet deposition is treated following Giorgi
(1989) for large-scale precipitation and Giorgi et al. (1986)
for convective precipitation. The gravitational settling and
dry deposition terms are described by Zakey et al. (2006).
The dust emission scheme is based on Marticorena et
al. (1995) and Alfaro et al. (2001). It comprises three com-
ponents (Zakey et al., 2006): (1) the threshold friction ve-
locity at which wind erosion is initiated, (2) the horizontal
and vertical dust emission ﬂux and (3) the surface and soil-
related factors inﬂuencing either the threshold friction veloc-
ityorthedustﬂuxes, includingsoilwatercontent, soiltexture
type, vegetation cover, and snow cover. In this regard, dust is
emitted only from the vegetation-free and snow-free portion
of the grid box, which are calculated by the BATS scheme
(Dickinson et al., 1993). The dust module has a size spec-
trum of 0.01 to 20.0µm, which is divided into 4 size-bins,
each covering part of the whole spectrum of particle diame-
ter: i.e. the ﬁne (0.01–1.0µm), accumulation (1.0–2.5µm),
coarse (2.5–5.0µm), and giant (5.0–20.0µm) particle mode.
The evolution of each bin is described by a prognostic equa-
tion for the dry size of the dust particle (Zakey et al., 2006).
Note that the scheme has capability of dividing the size spec-
trum into a larger number of bins, but 4 were chosen for
describing all main particle size modes in a computational
efﬁcient way.
TheradiativecodeintheRegCMemploystheδ-Eddington
approximation for radiative ﬂux calculations, and the wave-
length spectrum is divided into 18 discrete intervals from
0.2 to 4.5µm. Seven of these span the ultraviolet (0.2 to
0.35µm), and one covers the visible (0.35 to 0.7µm).The
dust SW radiative effect is calculated using asymmetry factor
(g), single scattering albedo (ω), and mass extinction coefﬁ-
cient (kext) obtained from Mie calculations. The refractive
indices of mineral dust aerosols for the relevant SW spec-
tral windows are taken from the OPAC database (Hess et al.,
1998).
In the LW domain, dust effects are accounted for by intro-
ducing the dust emissivity (and hence absorptivity) accord-
ing to the parametrization of Kiehl et al. (1996). The dust
LW emissivity is calculated according to:
εlw(z)=1−e−D.klwabs.b(z) (1)
where D=1.66 is a diffusivity factor, b(z) is the dust burden
(gm−2) of a given layer and klwabs (m2 g−1) is the mass ab-
sorption coefﬁcient calculated using Mie theory for the rele-
vant LW spectral windows, for each size bin and using LW
refractive indices consistent with Wang et al. (2006).
The OPAC dataset allows the calculation of dust optical
properties at 61 wavelengths between 0.25 and 40µm, pro-
viding the real and imaginary parts of the refractive indices
for each wavelength. In our study we use the wavelength
range from 0.2 to 4.5µm. It has been shown that the pa-
rameter best related to the radiative properties of a given size
distributionisthecrosssectionweightedeffectiveradius“re”
which is deﬁned as:
re=
rupper R
rlower
n(r)[r]3 dr
rupper R
rlower
n(r)[r]2 dr
(2)
where “r” is the dry dust aerosol radius at 0% relative hu-
midity RH and n(r) is the number distribution of dry dust
particles. The general relationship between the aerosol ex-
tinction optical depth “τ” and the aerosol mass loading per
unit area “M” can be expressed as:
τ=
3QM
4ρdre
(3)
where ρd is the dust aerosol density, re is the effective radius,
and Q is the extinction coefﬁcient, which is taken from Mie
calculations using the OPAC refractive indices at different
wavelength. Both τ and Q are wavelength-dependent. The
mostconvenientwayoflinkingtheaerosolopticaldepthwith
the aerosol dry mass “md” is τ=β md, where β is the speciﬁc
extinction or mass extinction efﬁciency (m2 g−1), deﬁned as,
β=
3QM
4ρdremd
(4)
In our aerosol radiative forcing calculations we use these
eight wavelength bands and in order to reduce the compu-
tational cost we only calculate parameters for the mid-band
(0.35–0.7µm) wavelength.
www.atmos-chem-phys.net/9/1095/2009/ Atmos. Chem. Phys., 9, 1095–1110, 20091098 D. F. Zhang et al.: Simulation of dust aerosol feedbacks over East Asia
Fig. 1. Model domain and topography. Units are meters. Also
shown are the three China source regions and the location of nine
stations selected for model validation.
The dust radiative forcing occurs at the surface and within
the atmosphere and can trigger some differential warm-
ing/cooling effects and thus contrasting climatic responses.
Dust radiative forcing occurs in the short wave (SW or so-
lar) and long wave (LW or thermal) spectral regions and de-
pends on the surface albedo, the presence of clouds and the
dust spatial distribution, optical properties and size distribu-
tion (Liao and Seinfeld, 1998). We note that the dust optical
properties depend on many factors, such as dust particle size
distribution, shape and absorbing/diffusive properties which
are extremely variable and hence very difﬁcult to represent
accurately in climate models (Balkanski et al., 2007). Val-
ues of single scattering albedo of dust aerosols used in the
literature exhibit a great variability.
The dust aerosol index DI is calculated as in Ginoux et
al. (2003). The radiation module in RegCM has a visible
range with lower limit at 0.35µm and upper limit at 0.7µm
and within this range we assume that the DI does not have
large ﬂuctuations when calculated for 500nm (as in our case)
instead of 380nm (Ginoux et al., 2003). The DI is deﬁned as
DI={1−0.2log(Ps)}[1.25+5(1−ωλ)h](τλ)ωλ (5)
where Ps is the surface pressure, ωλ is the single scattering
albedo, histhedepthoftheaerosollayer(scaleheightofdust
particles, in km), τλ is the optical depth at λ=380nm, which
we assume to have the same value as that at λ=500nm. We
use the 500nm wavelength because this is the most effec-
tive wavelength in the short-wave spectrum and in order to
compare with the satellite data (see below).
2.2 Experiment design
In our simulation the following data sets are used: 1) Mete-
orological initial and time-evolving lateral boundary condi-
tions for the RegCM simulations are from the National Cen-
ter for Environmental Prediction/National Center for Atmo-
spheric Research (NECP) re-analysis (Kalnay et al., 1996);
2) Land use types are based on observed data within China
(Hou, 1982) and satellite GLCC data developed by the USGS
outside China (Loveland et al., 2000); 3) Soil texture data
are based on the USDA texture classiﬁcation (USDA, 1999),
with some modiﬁcations in central and Northeast China for
extra dust sources (Tengger, Onqin Daga, and Horqin) fol-
lowing Zhao et al. (2006b). The model domain encompasses
the whole continental China and adjacent areas (see Fig. 1)
at a horizontal grid spacing of 50km. It includes the pri-
mary dust producing regions in China. The model is run at its
standard conﬁguration of 18 vertical sigma layers and model
top at 100hPa. Within the domain we identify three regions
for more speciﬁc analysis (Fig. 1): 1) West (35.5◦–44◦ N,
75◦–95◦ E), 2) Central (33◦–44◦ N, 95◦–112◦ E), and 3) East
(30◦–46◦ N, 112◦–130◦ E). Observed data from nine stations
are used for the validation of the dust module (Fig. 1).
Each model simulation extends from 1 November to 1
June of the following year. In this way the model can gener-
ate its seasonality of snow cover before our analysis period,
which is February-March-April-May (FMAM), when most
dust storms occur over the region. We simulated 10 years,
from 1997 to 2006 and for each of these year two sets of ex-
periments are conducted. The ﬁrst (Exp. 1) includes the dust
model calculations, but the dust is not radiatively active, i.e.
the dust climate feedback is not accounted for. In the second
set (Exp. 2), all the conditions are the same as in Exp. 1, but
the dust is radiatively interactive, which allows us to capture
dust-climate feedbacks.
3 Results and discussion
In this section we ﬁrst present an evaluation of the model
climatology and dust simulation (for the Exp. 1 case) and
then an analysis of the effects of the dust radiative forcing.
3.1 Climatic features of the region
Simulation and basic understanding of the regional climatol-
ogy of East Asia are important for the evaluation of dust-
induced climate feedbacks. The climate of East Asia shows
a marked seasonality. Winter climate is characterized by dry
and cold conditions caused by the mid-latitude westerly jet,
which sweeps across the region from the continental interior
carrying predominant dry and cold air over China. The sum-
mer season is dominated by the onset and development of
the East Asia monsoon. As a result of the northward and
westward evolution of the western subtropical Paciﬁc High,
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Table 2. Information for the selected nine stations.
Name Lat (◦ N) Lon (◦ E) Height (m)
Ulmuqi 43.43 87.38 918.7
Lanzhou 36.52 103.62 1518.3
Yinchuan 38.37 106.37 1112.7
Huhhot 40.49 111.37 1065.0
Taiyuan 37.80 112.30 776.6
Shijiazhuang 38.05 114.48 81.2
Beijing 39.56 116.17 32.0
Qingdao 36.04 120.22 77.2
Shanghai 31.24 121.28 8.2
moist southwesterly monsoon ﬂow dominates over the re-
gion, inducing warm and wet conditions. Spring, our season
of interest, is a transition period between these two climate
regimes.
Mean geopotential height and wind ﬁelds for FMAM at
850hPa from the NCEP reanalysis and model simulation are
shown in Fig. 2a and b, respectively. A deep trough (the
East Asia Trough) over the northeastern coastal region can be
found in the re-analysis data (Fig. 2a). This brings cold and
dry continental air from high latitudes to North and North-
east China. Conversely, Southeast China is dominated by
southerly winds and it is affected by sub-tropical systems oc-
curring in correspondence of the pre-onset stage of the mon-
soon. The model simulates the East Asia Trough, although
this appears to be somewhat deeper than in the re-analysis
and leads to an overestimate of northwesterly winds over
North and Northeast China (Fig. 2b).
Figure 2c shows FMAM observed precipitation from the
Climate Research Unit, (CRU) of the University of East
Anglia (Mitchell et al., 2005) averaged over the period
1997–2002 (later years were not available). This precip-
itation is characterized by maxima over Southeast China
and a decrease towards the north and northwest. Less than
0.5mmday−1 precipitation is found over Northwest China,
which is an arid and semi-arid area where the main sources
of dust production are located. The model reproduces this
basic precipitation pattern (Fig. 2d), however, a general over-
estimate of precipitation is found over North and Northwest-
ern China and an underestimate over Southeast China. The
largest overestimate can be found in areas of complex to-
pography, e.g. over the eastern edge of the Tibetan Plateau
(near 112◦ E, 32◦ N). However this may be related to insufﬁ-
cient observations and no gauge under catch and topograph-
ical corrections of the data.
The simulated surface air temperature shows a generally
good agreement with observations as shown in Fig. 2e and f,
with a cold bias of a few ◦C or less over Central and South
China. The model also shows a slight warm bias over North-
east China. Overall, the model reproduces the basic clima-
Fig. 2. Mean (1997–2006) 850hPa height (contour line) and wind
(arrows) in FMAM from the NCEP reanalysis (a) and model sim-
ulation (Exp. 1) (b); observed (c, 1997–2002, available data), and
simulated (d, 1997–2006) mean precipitation; observed (e, 1997–
2002, available data), and simulated (f, 1997–2006) mean temper-
ature. Units are meters for height, ms−1 for wind, mmday−1 for
precipitation, ◦C for temperature.
tology over the region of interest and shows a performance in
line with that found in previous analysis-driven simulations
over this region (Zhang et al., 2007).
3.2 Dust concentration, mass load, emission and removal
The simulated annual average near surface dust concentra-
tion at the lowest model level is compared with the equiva-
lentPM10 concentrationextractedfromtheAirQualityIndex
(AQI)(http://www.zhb.gov.cn/quality/air s.php3)over China
for the period 2001–2006 (available data) in Fig. 3. The AQI
is a function of PM10 and it is deﬁned by:
AQI=(Imax − Imin)
(C − Cmin)
(Cmax − Cmin)
+ Imin (6)
where C is the concentration of PM10, Cmin and Cmax are the
minimum and maximum values of C, Imin and Imax are the
minimum and maximum values of AQI.
Although the AQI also includes other particulate matter
sources, it is still a good indicator of the relative inter-annual
variations in dust concentration (Gong et al., 2003). PM10
data from nine stations across China are selected for com-
parison with the closest model grid point (see Fig. 1 and
Table 2). The simulated near-surface dust concentration
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Fig. 3. Observed mean PM10 (derived from the AQI) (2001–2006, available data) and simulated (Exp. 1) near surface dust concentration
(1997–2006) in FMAM at the nine observing stations. Units are µgm−3.
Fig. 4. Simulated (Exp. 1) annual mean (a) mass load, (b) emission,
(c) wet deposition, (d) dry deposition, (e) wind speed, (f) precipita-
tion for the three regions (see Fig. 1). Units are mgm−2 for mass
load, mgm−2 day−1 for emission, wet and dry deposition, ms−1
for wind, mmday−1 for precipitation.
(µgm−3) and observed PM10 concentration (µgm−3) in
Fig. 3 are based on two separate vertical axes with log-scales
according to Gong et al. (2003). This comparison generally
indicates that the model captures the inter-annual variations
of near surface concentration at the selected station site, in
particular the decrease in concentration between 2001 and
2003.
The inter-annual variation of dust mass load, dust emis-
sion, wet and dry deposition, surface wind speed, and pre-
cipitation over the three regions of Fig. 1 are shown in Fig. 4.
The maximum mass loads, emissions and removal are found
over the west region, which contains the largest source ar-
eas, with decreasing values over the Central and East re-
gions. The west region also shows the largest interannual
ﬂuctuations in mass loading, seemingly related to the ﬂuctu-
ations in wind speed over the extended source areas of the
region. Conversely, the East regions show the lowest in-
terannual ﬂuctuations. This is due to the fact that the East
region has the smallest dust sources and that the dust mass
load there is also strongly derived by transport from upwind
larger source areas. Note that precipitation, and thus the efﬁ-
ciency of wet removal are maximum over the East and mini-
mum over the drier West region, while dry deposition, which
is mostly associated with wind speed, is maximum over the
West region. The mass load, emission, and removal (wet and
dry) at the East and Central regions appear highly correlated,
likely because one lies downwind of the other and because
the dust producing circulations occur at the broad regional
scale affecting both regions.
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Fig. 5. Simulated (Exp. 1) annual mean ventilation index and dust concentration at the nine station sites. Units are µgm−3 for concentration
and m2 s−1 for the ventilation index.
A further measure of dust dispersion is the ventilation
index (VI) (Hsu, 2003; Rao, 2003), which is deﬁned as
the product of boundary-layer height and a representative
boundary-layer horizontal wind speed. Large values of these
two factors imply pronounced vertical and horizontal dust
lifting and dispersion. Figure 5 compares the annual aver-
age VI and dust concentrations at the 9 selected station sites,
showing that variations of VI show similarities to the dust
concentrations at these sites. The results indicate that higher
VI generally leads to a higher dust concentration in the atmo-
spheric boundary layer, with the exception of 1998. A severe
dust storm occurred in April of this year leading to 2–4 times
higher near surface dust concentration than any other dust
event since 1988 (Husar et al., 2001) and this substantially
contributed to the 1998 dust maximum.
3.3 Optical properties of dust particles
3.3.1 Dust aerosol optical depth (AOD)
Multi-angle Imaging Spectro-radiometer (MISR, 550nm)
satellite (2001–2006, available data ftp://l4ftl01.larc.nasa.
gov/longterm/MISR/) and simulated multi-year monthly
mean AOD (1997–2006) are shown in Fig. 6. The compar-
ison shows that the model captures the areas of maximum
dust optical depth in all three regions, with a pronounced
maximum over the West region. The model also captures
the intra-seasonal evolution of dust amounts, increasing from
February to April and then slightly decreasing in May. The
extension of the peak AOD values tends to be higher than ob-
tained from the MISR estimates, particularly over the West
source region. Conversely, the simulated AODs are lower
than the MISR values away from the source areas. On the
one hand, the model does not describe the presence of ad-
ditional aerosol types as well as background aerosols, which
arepresentintheMISRdata. Ontheother, however, thismay
also be an indication of relatively weak long range dispersal
of the dust plume by the model.
Most dust dispersal occurs by lifting and detrainment
above the boundary layer and subsequent transport by free
tropospheric winds. Figure 7 shows a longitude-vertical
cross section of dust amount for the latitude band 38–42◦ N,
which encompasses the main dust source areas, averaged for
the 10 simulated years. Although some dust is transported
all the way into the Paciﬁc Ocean (up to 150◦ E), it is evi-
dent that most of the dust loads are conﬁned within the lower
atmosphere, below about 700hPa. Signiﬁcant dust amounts
reach the mid troposphere (about 500hPa) but no substan-
tial dust loads reach the upper troposphere, where it would
be transported more effectively by the upper tropospheric
winds.
It is interesting to note that a similar problem was not
found by the application of this dust module to the Sa-
hel/Sahara region (Zakey et al., 2006). In this latter case,
most of the vertical transport was achieved through vigorous
cumulus convection occurring in the summer monsoon sea-
son. In the spring season over East and North Asia, however,
convection is not strong and contributes less to vertical trans-
port, which is more related to meso and synoptic scale pro-
cesses and to detrainment from more stable boundary layers.
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Fig. 6. Observed monthly mean AOD from MISR observations
(550nm) (2001–2006, available data) in (a) February, (c) March,
(e) April, (g) May and from the model simulation (Exp. 1 1997–
2006) in (b) February, (d) March, (f) April, (h) May.
Fig. 7. Simulated (Exp. 1) longitude-height cross section of dust
concentration averaged over 1997–2006. (a) February, (b) March,
(c) April, (d) May. Units are µgm−3.
Our results suggest that these transport processes are some-
what under-represented by the model. A better understand-
ing of this issue requires vertical dust proﬁle data, which are
currently not available. However we plan a more detailed in-
vestigation of the structure of individual dust storms and dust
lifting in future work.
Dalanzadgad(43.6 
0N, 104.4 
0E) AOD
0
0.1
0.2
0.3
0.4
97 98 99 00 01 02 03 04 05 06
aeronet model
Fig. 8. Monthly mean aerosol optical depth from AERONET obser-
vations (500nm) and from the model simulation (Exp. 1, 500nm)
at Dalanzadgad.
We also note that over Eastern China the retrieved AOD
from satellite is much higher than simulated by the model.
However, a dominant contribution to this overestimate is
given by the fact that the MISR AOD detects all types of
aerosols, including sulfate, black carbon, and organic car-
bon of anthropogenic origin (Zhao et al., 2006a; Giorgi et
al., 2002), which are not included in the current simulations.
Note for example the very large AOD (in excess of 0.6) over
the Sichuan basin in Southwest China and the Shanghai area
in the eastern coastal regions, which is due to intense indus-
trial activities there.
Figure 8 compares our simulated monthly dust aerosol
optical depths with observations at the site of Dalanzadgad
(43.6◦ N, 104.4◦ E), which is located in the Central region.
This is the only AERONET site available in the domain of
interest with continuous AOD values for the period of sim-
ulation (http://aeronet.gsfc.nasa.gov/cgi-bin/combined data
access new), and in which the desert dust aerosol can be
considered to be largely dominant (Holben et al., 2001).
The comparison of simulated vs. AERONET data shows
that, although some discrepancies can be found on individ-
ual months, by and large the simulated values are in line with
observations. In particular, both the intra-seasonal and inter-
annual variations of AOD at this site are well captured.
3.3.2 Comparison of the simulated dust index (DI) with the
aerosol index (AI) from satellite observations
As mentioned above, for a further model validation we cal-
culate the dust index (DI) following Ginoux et al. (2003) and
compare it with the AI derived from the Total Ozone Map-
ping Spectrometer (TOMS, 380nm, 1997–2005 ftp://toms.
gsfc.nasa.gov/pub/eptoms/data/), Ozone Monitoring Instru-
ment (OMI, 2006 ftp://toms.gsfc.nasa.gov/pub/omi/data/).
Averaged DI and AI for the period 1997–2006 are shown
in Fig. 9. The results from this comparison are in line with
what found when comparing simulated AOD with the MISR
data. The spatial distribution patterns of DI show a good
agreement with observations over the main dust source ar-
eas. However, the DI is underestimated away from the source
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Fig. 9. Observed monthly mean AI from TOMS (1997–2005, avail-
able data) and OMI (2006) in (a) February, (c) March, (e) April, (g)
May; and simulated (Exp. 1) DI (1997–2006) in (b) February, (d)
March, (f) April, (h) May.
regions. As previously discussed, this can be partly attributed
to the absence of background and additional aerosols in the
model and to relatively weak simulated dust lifting and dis-
persal. We also ﬁnd that, again, the intra-seasonal variation
of the AI, with the minimum in February and maximum in
April, is well captured by the model.
Figure 10 shows the daily AI and DI in the selected re-
gions from February to May for the years 1998 and 2001,
i.e. two years when a relatively high number of dust events
occurred. Theresultsshowthatthemodelcapturestheoccur-
rence of the main individual dust events, although the mag-
nitude of the event may be different from observed. The cor-
relation coefﬁcients between the daily AI from satellites and
the DI from the simulations for each year are presented in
Table 3. The mean values of the correlation coefﬁcients are
0.34, 0.37 and 0.36, for the West, East and Central regions,
respectively, and are all statistically signiﬁcant at the 99%
conﬁdence level. In the West region, 7 out of the 10 years
show signiﬁcant correlation, while in the Central and East
regions, this is found in 9 and 8 out of the 10 years, respec-
tively (Table 3).
Figure 10 also shows that, while the model captures the
occurrence of individual events, sometimes even producing
larger values of DI than observed, it underestimates the ob-
served values during the periods that separate the events and
more generally it underestimates the amount of background
Fig. 10. Daily AI from TOMS and simulated (Exp. 1) DI from
February through May over the three source regions in 1998 (a, c,
e) and 2001 (b, d, f).
aerosol. Again, this result illustrates the effect of lack of
background aerosol and relatively weak dust dispersion in
the model discussed above.
3.4 Observed and simulated dust storm occurrence
Direct observations of dust storms reported by meteorologi-
cal stations and synoptic reports have been widely used to es-
tablish the climatology of dust emissions in arid and semiarid
regions. In Northeastern Asia, Goudie (1983) identiﬁed the
Taklimakandesertasthemostfrequentsourceofduststorms,
with33duststormsperyear, andthenortherndesertofChina
as the second source with a maximum of 19 dust storms in
the Badain Jaran desert. Figure 11 compares the spatial pat-
tern of observed dust storm occurrences (Zhou et al., 2003)
with the model surface concentration above 75µgm−3. The
results indicate that the geographical distributions of typical
severe dust storms in Northern China are comparable to the
surface concentration from the model simulation. It can be
seen that the Tarim Basin (West region), the eastern part of
Northwest China (Central region) and areas of Northeastern
China (East region) are the main regions inﬂuenced by severe
dust (Zhou et al., 2003).
In order to provide a crude storm count in our model
simulations we use three different emission thresholds to
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Table 3. Correlation coefﬁcient between satellite AI and modeled DI in FMAM.
1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 ave
West 0.22 0.35 0.16 0.53 0.31 0.54 0.27 0.47 0.40 0.22 0.34
Central −0.29 0.63 0.27 0.54 0.56 0.34 0.37 0.32 0.36 0.41 0.37
East −0.08 0.44 0.14 0.58 0.44 0.50 0.47 0.62 0.64 0.43 0.36
The bold font indicates correlation coefﬁcient signiﬁcant at the 99% (0.2244) conﬁdence level.
Fig. 11. Distribution of the simulated (Exp. 1) surface concentra-
tions (µgm−3) in FMAM from 1997 to 2006 (a) and distribution of
the observed typical severe dust storms in Northern China in 1954–
2002 (b).
identify the occurrence of a dust event: 1000, 2500 and
5000mgm−2 day−1. Results of dust occurrence for each
year, region and threshold are shown in Fig. 12 and Table 4.
According to our emission thresholds, in the model April is
the month with the greatest dust storm frequency over all re-
gions (Table 4). For all thresholds the West region emerges
with the largest number of storms, in particular with max-
ima in 1998 and 1999. Over this region the number of oc-
currences varies from about 46–78 in the lowest threshold
to 5–15 in the highest one. Comparatively the East region
shows only a small number of dust storm occurrences, while
the Central region shows intermediate values.
3.5 Dust feedbacks on regional climate
As mentioned, dust, as one of the major natural aerosol in
East Asia, can inﬂuence the climate of the region by alter-
ing the radiative budget of the surface and atmosphere. Dust
scatters and partly absorbs incoming solar radiation, and it
also absorbs and re-emits outgoing long-wave radiation. Any
changes in atmospheric dust loads would cause changes in
the radiation balance and, consequently, would affect surface
temperatures and other climatic variables. The magnitude
and even the sign of the net direct radiative dust forcing for
long- and short-wave radiation is highly uncertain, since it
depends on the optical properties of the dust, its vertical dis-
tribution, cloud cover, and the albedo of the underlying sur-
face (Liao et al., 1998).
The top-of-atmosphere (TOA) forcing due to dust is be-
lieved to be small when globally averaged due to the cancel-
lation of regionally positive and negative forcing depending
on the underlying albedo. Conversely the reduction of sur-
face radiation by dust is signiﬁcant even at the global scale,
and it has been estimated at 1–2Wm−2 (Tegen et al., 1996;
Woodward et al., 2001). In order to characterize the climatic
impact of dust we compare results from the simulations with
and without dust radiative forcing.
Figure 13a–d present the surface and TOA multi-year av-
erage dust radiative forcing due to the SW only and the com-
bined SW+LW radiation, respectively. Both the TOA and
the surface SW forcing are mostly negative, with values of
up to −7.5Wm−2 (TOA) and in excess of −25Wm−2 (sur-
face) over the main source regions. The negative SW forc-
ing is due to the dominant contribution of reﬂection in the
short-wave spectrum (Shell et al., 2007). When the LW forc-
ing is included (Fig. 13c, d), which is mostly positive due to
absorption, the total net radiative forcing becomes less nega-
tive, with values of up to −5Wm−2 at the TOA and in excess
of −15Wm−2 at the surface. Only over the West source re-
gion the LW absorption leads to small positive values at the
TOA. Therefore, by and large, the SW cooling effect domi-
nates over the LW warming effect, especially at the surface,
which is consistent with the observational study of Slingo
et al. (2006). The negative surface radiative forcing causes
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Fig. 12. Number of occurrence (Exp. 1) of dust events in the three
source regions of West, Central and East China in FMAM from
1997 to 2006, as deﬁned by the emission thresholds 1000 (a), 2500
(b) and 5000mgm−2 day−1 (c). Units are number of days.
a pronounced reduction of surface ﬂuxes and near surface
cooling over the major dust source areas, with values in the
range of −0.5 to −1◦C (Fig. 13i). This SW cooling counter-
balances the LW diabatic warming in the lower troposphere
Table 4. Percentage of occurrence (emission >1000/2500/5000 mg
m−2 day−1, %)
February March April May
West 10/8/4 24/23/29 31/34/40 35/34/27
Central 9/8/5 37/34/33 39/42/52 26/17/10
East 2/3/11 12/13/11 45/52/56 42/32/22
W+C+E 8/8/5 23/25/29 35/38/44 34/30/22
(Fig. 13h). The cooling in areas downwind of the source re-
gions is less pronounced, but still of the order of −0.1 to
−0.25◦C.
Figure 13j shows the multi-year mean difference in dust
mass load between Exp. 2 (with dust feedbacks) and Exp. 1
(without dust feedbacks). This shows a reduction of dust
mass of several hundreds mgm−2 over the source regions
and 10 to 50mgm−2 over the downwind regions. This re-
sult is consistent with those of Perlwitz et al. (2001), who
found that dust feedbacks lead to a reduction of about 10%
in dust mass load. To elucidate the mechanisms underlying
this feedback, Fig. 14a–fshow thechange of annual averaged
mass load, emission, removal, surface air temperature, wind
speed and precipitation respectively, over the three source re-
gions.
A decrease of mass load is found over all the three re-
gions, with a maximum in the West region (Fig. 14a), which
is clearly associated with a decrease in emissions (Fig. 14b).
The main meteorological factors affecting emission are wind
speed and thermal stability (through the friction velocity).
Figure 14e shows that the wind speed is not systematically
affected by the dust radiative forcing, therefore the reduc-
tion of emission is associated with a reduction of dust mobi-
lization and lifting caused by increased surface stability as-
sociated with the surface cooling. In this regard, we note
that use of NCEP/NCAR boundary conditions in both sets
of experiments might somewhat reduce the response of the
simulated winds to the dust forcing. Dust removal also de-
creases over all regions (Fig. 14c), mostly because of de-
creased dust amounts, since the dust feedbacks do not pro-
duce a large systematic effect on precipitation (only a small
decrease, Fig. 14f). The average surface air temperature de-
creases by 0.20–0.43◦C, 0.10–0.17◦C, 0.01–0.13◦C over the
West, Central and East regions, respectively (Fig. 14d). Note
that these values are comparable to the greenhouse gas in-
duced warming observed in the latest decades of the 20th
century (IPCC, 2007).
In summary, the dust feedbacks induces a prevailing nega-
tive TOA and surface radiative forcing, which in turn causes
surface cooling, a decrease of dust mobilization over the
source areas and a reduction of dust mass load.
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Fig. 13. Dust feedback effects. (a) dust SW TOA radiative forcing (Wm−2), (b) dust SW surface radiative forcing (Wm−2), (c) dust net
TOA radiative forcing (Wm−2), (d) dust net surface radiative forcing (Wm−2), (e) solar heating rate (Wm−2), (f) long-wave heating rate
(Wm−2), (g) downward long-wave solar radiation (Wm−2), (h) net long-wave solar radiation (Wm−2), (i) surface air temperature (◦C), (j)
dust mass load (mgm−2).
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4 Summary and conclusions
In this paper we use a coupled regional climate-dust model,
the only currently available in the literature, to simulate
desert dust production and regional climatic effects over East
Asia. We analyze the simulation of ten spring seasons (i.e.
the season of maximum dust production over the region) and
evaluate the model performance against available observa-
tions, both ground based and from satellite. Finally, we as-
sess the net short- and long-wave radiative forcing and feed-
backs of the dust aerosols over the region.
The results show that the model reproduces the basic cli-
matology over the region and that the dust model performs
reasonably well in simulating the spatial distribution, intra-
seasonal variation and multi-year mean monthly variation
of near surface concentration, AOD, and DI. The primary
model deﬁciency is an overestimate of dust load and AOD
over the source regions and a corresponding underestimate
away from these regions. This problem is symptomatic of
relatively weak lifting of dust into the free troposphere and
weak dispersal, although a contribution to it is given by the
absence in the model of background and additional aerosols.
In future work we plan to investigate in more detail the dy-
namical mechanisms that lead to dust lifting and improve the
model performance in this respect. Another aspect in need
of further investigation concerns the aerosol optical proper-
ties in both the SW and LW spectra, which are still affected
by large uncertainties (e.g. Balkanski et al., 2007).
The dust exerts a negative radiative forcing in the SW and
apositiveforcingintheLW,whichsomewhatcounterbalance
each other. However the SW forcing is largely dominant, re-
sulting in a negative net radiative forcing at the surface of up
to −15Wm−2 over the source regions and a prevailing nega-
tive TOA forcing of up to a few Wm−2 . The only exception
of a positive TOA forcing is over some portions of the West
source region.
The negative surface radiative forcing leads to a surface
cooling of several tenths of ◦C to 1◦C over the source regions
and downwind areas. The surface cooling causes a decrease
of dust load because of increased stability and reduced dust
mobilization. As a result, the net TOA dust radiative forc-
ing induces a negative feedback mechanism on the dust load.
The effects of dust on regional temperatures are locally com-
parable to those expected from increases of greenhouse gas
concentrations during the last decades, which suggests that
dust should be included in climate change studies over this
region.
Our study is limited in two aspects. Firstly, we do not in-
clude the contribution of other aerosols, e.g. sulfate, black
carbon and organic carbon, which have been proven to be
important over East Asia (Giorgi et al., 2002). This is be-
cause in this study we wanted to isolate the effects of dust.
However, our modeling system has the capability of includ-
ing such additional aerosols (Solmon et al., 2006), so that we
plan to perform new sets of simulations including all aerosol
Fig. 14. Differences between Exp. 1 and Exp. 2 over the three
source regions of (a) mass load (mgm−2), (b) dust emission
(mgm−2 day−1), (c) dust removal (mgm−2 day−1), (d) surface
air temperature (◦C), (e) wind speed (ms−1), and (f) precipitation
mmday−1.
types. Secondly, indirect effects, e.g. the role of dust par-
ticles as cloud condensation nuclei, are not described in our
simulation and we are currently implementing in our model a
new cloud microphysics and indirect effect scheme. Eventu-
ally we plan to use the full model with multiple aerosols and
direct and indirect effects for a new set of climate change
simulations over East Asia.
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